Objective: An investigator-initiated, multicenter, randomized, placebo-controlled, double-blind clinical trial to determine whether coenzyme Q10 (CoQ10) is safe, well tolerated, and effective in slowing functional decline in progressive supranuclear palsy (PSP).
Progressive supranuclear palsy (PSP) is an atypical parkinsonism with tau aggregation and neuron loss.
1 Currently, no therapies treat symptoms or slow the progression of PSP. Mitochondrial impairment is implicated in PSP 2, 3 ; PET studies show decreased glucose metabolism or oxygen utilization in the frontal cortex and striatum in PSP. [4] [5] [6] [7] Oxidative phosphorylation and mitochondrial enzyme defects have been observed in the brain or muscle of patients with PSP. [8] [9] [10] Cybrids created with mitochondria from patients with PSP confirm mitochondrial dysfunction.
Coenzyme Q10 (CoQ10) is a key component of the mitochondrial respiratory chain. CoQ10 reduces toxicity in models of complex I inhibition. [14] [15] [16] A placebo-controlled study in 21 participants with clinically probable PSP showed significant improvement of cerebral energy metabolism and clinical benefits. 17 In the current study, we compared the effect of oral CoQ10 vs placebo in patients with PSP over 12 months. The study design was a prospective, multicenter, randomized, placebo-controlled, double-blind, phase 2 trial of 61 patients with clinically probable PSP. A dosage of 2,400 mg/d was chosen as this is well tolerated and achieves high plasma CoQ10 levels based on CoQ10 studies performed in patients with Parkinson disease. Plasma levels reached a plateau at 2,400 mg/d, suggesting futility of studying higher doses. 18 Prespecified primary outcome measures were changes from baseline in the Progressive Supranuclear Palsy Rating Scale (PSPRS) and the Unified Parkinson's Disease Rating Scale (UPDRS) at 12 months. Secondary outcome measures included change from baseline in the activities of daily living (ADL) score, in intellectual functioning, as measured by the Mini-Mental State Examination (MMSE), and in scales measuring perceived quality of life and health [the 39-item Parkinson's Disease Questionnaire (PDQ-39) and the 36-item Short Form Health Survey (SF-36)] at 12 months.
METHODS Standard protocol approvals, registrations, and patient consents. Participants were enrolled between October 2006 and September 2012 at 4 movement disorder clinics in the United States. The study was approved by institutional review boards at participating sites and full written consent was obtained on each participant.
Study design. The clinicaltrials.gov identifier for this investigatorinitiated, multicenter, randomized, placebo-controlled, double-blind clinical trial is NCT00382824.
Participants. Eligible participants were aged 40 years and older and fulfilled diagnostic criteria for probable PSP. 19 Participants did not undergo genetic testing and were not classified into subtypes of PSP. Patients receiving antiparkinsonian medications were required to be on stable doses for $30 days before baseline visit and to maintain medication throughout the study. Antioxidants within 30 days of baseline visit and use of CoQ10 within 60 days of baseline visit were not permissible. Patients were also not allowed to take antioxidants during the study duration. Exclusion criteria included druginduced parkinsonism; history of pallidotomy, thalamotomy, deep brain stimulation, or fetal tissue transplant; treatment with methylphenidate hydrochloride, cinnarizine, reserpine, amphetamines, or monoamine oxidase-A inhibitors within 3 months before baseline visit; and pregnancy. Also excluded were patients with a history of active epilepsy, stroke, structural brain disease, electroconvulsive therapy, or known CoQ10 hypersensitivity.
Intervention and clinical evaluation. Informed consent was obtained at the screening visit. Screening procedures included assessment of eligibility criteria, medical history, physical examination, vital signs, weight, height, safety laboratory tests (CBC, basic metabolic profile, liver profile, pregnancy test), CoQ10 level, ECG, and medication review. Participants were evaluated at baseline by PSPRS, UPDRS, ADL, MMSE, PDQ-39, and SF-36 scales.
Each participant was randomly assigned 1:1 using a computerized random number generator by an unblinded research pharmacist to receive CoQ10 at 2,400 mg/d or matching placebo. There was no special randomization for sex, subgroup of PSP, or duration of the disease.
Participants, investigators, and other personnel remained blinded to assignment until study completion. CoQ10 raw material was provided by Kaneka (Pasadena, TX) and wafers were manufactured and provided by Vitaline Formulas (Green Bay, WI) as a chewable wafer containing 300 mg of CoQ10 and 300 IU of vitamin E as a lipophilic carrier. Matching placebo wafers contained 300 IU of vitamin E. At each visit, participants were asked to return the container with any remaining medications. Unused and/or empty containers were collected and the quantity of returned study drug was recorded. Participants could divide the total dose either twice or 4 times daily.
Subsequent visits occurred at months 3, 6, 9, and 12 after randomization. At each visit, vital signs, medication changes, adverse event data, and PSPRS, UPDRS, ADL, MMSE, PDQ-39, and SF-36 scores were obtained. CoQ10 levels and safety laboratory tests were repeated at month 12.
Statistical analysis. The primary research question of the study was to test whether CoQ10 slowed disease progression as measured by the primary outcomes. This study provides Class II evidence to answer this question. Primary efficacy variables were changes in total PSPRS and total UPDRS between baseline and month 12, where change was calculated as the 12-month follow-up score minus the baseline score. Secondary clinical outcome variables included PSP subscales, UPDRS subscales, Schwab and England ADL, MMSE, PDQ-39, and SF-36 scores.
Baseline demographics and UPDRS and PSPRS scores were compared between CoQ10 and placebo groups. Student t tests were used to compare continuous variables, with results presented as means and SDs, and x 2 tests were used to compare distributions of categorical variables. The mean change from baseline to 12-month values for primary and secondary outcomes was compared between CoQ10 and placebo groups using Student t tests. The Wilcoxon rank sum test was used to compare the distribution of change in CoQ10 between groups because the SDs between groups were different by a factor of approximately10; medians and 25th to 75th percentiles are also presented for change in CoQ10. Since the change from baseline to 12-month values was the a priori-defined primary assessment time point, we do not show p values comparing CoQ10 and placebo groups at each intermediate follow-up time, although these data are plotted for the primary endpoints together with error bars (mean 6 2 standard errors).
A scatterplot with a least squares regression line was used to assess the relationship between the change from baseline to 12-month CoQ10 and the change from baseline to 12-month PSPRS. A Pearson correlation coefficient and corresponding p value were computed to describe this relationship.
Characteristics and outcomes of patients who did and did not complete the study were compared using Student t tests and x 2 tests as described for the comparisons of groups at baseline. To further explore the effect of CoQ10 vs placebo on changes in UPDRS and PSPRS over time, we used pattern mixture models to estimate an adjusted treatment effect including data from participants enrolled but failing to complete the study. 20 All analyses were performed using the SAS system for windows (SAS 9.4 TS Level 1M1; SAS Institute Inc., Cary, NC).
RESULTS
More than 200 individuals with PSP were approached for inclusion in this trial. Sixty-two patients were consented, examined, and randomized. The primary reason that the remainder of participants were unable to participate was distance to study site. One patient, randomized to CoQ10, was withdrawn soon after enrollment because of initial misdiagnosis and was not included in subsequent analyses. Of the remaining 61 individuals, 31 were assigned to CoQ10 and 30 to placebo (figure 1).
Baseline data. Demographic and baseline clinical characteristics of each group are summarized in table 1. More males were assigned to CoQ10 (74.2% in the CoQ10 group, 46.7% in the placebo group; p 5 0.028). There were no other significant differences between placebo and treatment groups.
Safety and tolerability. CoQ10 was well tolerated in this study. There were 65 reports of adverse events, most occurring once (table 2). The proportion of participants experiencing adverse events was not statistically different between CoQ10 and placebo groups (48.4% vs 66.7%; p 5 0.15). Thirteen of these adverse events were considered possibly related, including diarrhea, constipation, gas, nausea, headache, urinary tract infection, diverticulitis, and bleeding ulcer. The proportion of participants with possibly related adverse events was 25.8% in the CoQ10 group and 0% in the placebo group (p 5 0.0028). All adverse events subsequently resolved. Thirteen serious adverse events (5 in the CoQ10 group and 7 in the placebo group) were reported, and 2 were considered possibly related and included diverticulitis and bleeding ulcer. Serious adverse events included fractures, aspiration pneumonia, benign prostate hypertrophy with obstruction, stent placement, diverticulitis, Clostridium difficile infection, bleeding ulcer, and ureteral calculus.
Safety laboratory tests remained stable throughout study. Study drug compliance was recorded at each visit and showed a mean compliance rate of 92%. No patients withdrew because of intolerance or safety issues.
Outcomes and estimation. At each visit, participants were assessed with PSPRS, UPDRS, MMSE, ADL, PDQ-39, and SF-36 scales. Of the initial 61 Mean changes in total PSPRS from baseline to final visit at 12 months for participants who completed the trial were 5.9 6 10.0 for the CoQ10 group and 11.8 6 8.6 for the control group. While this suggested slower progression in the CoQ10 group, the difference did not reach statistical significance (p 5 0.068; table 3). The change in total PSPRS from baseline at each study visit is shown in figure 2 for all participants, including those who did not complete the full trial. The mean change in the UPDRS total score from baseline to month 12 was not statistically significant (11.5 6 11.1 for the CoQ10 group and 12.8 6 9.1 for the placebo group; table 3).
Secondary outcome measures. There were no statistically significant differences in mean changes from baseline to month 12 in ADL, MMSE, PDQ-39, or SF-36 scores between treatment groups (table 3) .
CoQ10 serum levels. The CoQ10 group showed a significant increase in serum CoQ10 levels at 12 months (median 3.64 mg/L for CoQ10 group vs 0.05 for placebo group, p , 0.0001; table 3). We examined whether change in serum CoQ10 levels correlated with change in total PSPRS at 12 months. The degree of increase in serum CoQ10 in patients who completed the study was weakly associated with less decline in PSPRS score at 12 months (r 5 20.363; p 5 0.06).
Withdrawal rate. In the CoQ10 group, 20 of 31 participants completed the study through 12 months. Among the control group, 16 of 30 participants completed the study. In both groups, participants withdrew throughout the study course, and not at any Table 1 Comparison of baseline characteristics of randomized patients in the study (n 5 61) one particular time. Withdrawal rates were similar among different study sites. Main withdrawal reasons stated by participants were travel distance, lack of perceived benefit, comorbidities, or caregiver issues. Because of concern that the high withdrawal rate may have introduced bias, we compared baseline demographic and clinical characteristics between those in the CoQ10 group who completed the study and those in the placebo group who completed the study. There were no statistically significant differences except for sex (p 5 0.0091), which was also noted in the total cohort (table 1) .
We also compared demographic and clinical characteristics of those who completed the trial and those who withdrew (table 4) . While baseline characteristics did not differ, there was a significant difference in the change in the total PSPRS between those who withdrew and those who did not. Those who completed the trial showed less clinical decline as measured by total PSPRS compared to those who withdrew before 12 months. This suggests that those declining more quickly were more likely to withdraw.
We then stratified by treatment the comparison between those who withdrew and those who did not (table 4) . Participants treated with CoQ10 who completed the trial showed less decline in the total PSPRS at 3 months (22.4 6 8.1) compared to those who withdrew before 12 months (4.6 6 6.2; p 5 0.05). Results for the UPDRS were similar. In contrast, in the control group, those who withdrew did not significantly differ from those who completed the study regarding change in total PSPRS or UPDRS scores, although the average declines were higher among participants who withdrew.
Because of the high dropout rate and the concern that withdrawals were not necessarily random, we reanalyzed the primary outcome data using data from the whole cohort. We used pattern mixture model analysis to adjust for missing data points for those patients who withdrew before the final visit. We adjusted for baseline PSPRS or UPDRS scores and sex. Based on this analysis, there was no treatment difference for either total PSPRS or UPDRS scores. Limitations of our study design include small sample size and short follow-up period. A total of 61 participants were enrolled in the study. With an even smaller sample size remaining at 12 months, this study does not have sufficient power to identify a modest therapeutic benefit of CoQ10. The separation between placebo and CoQ10 groups in PSPRS appears more prominent over time (figure 2), suggesting that a greater difference might have been noted with longer follow-up. Another issue is that most participants were fairly advanced in disease at the onset of the study, partly because many years of illness often pass before a clear clinical diagnosis of PSP can be made. Intervention with CoQ10 at an earlier stage of disease may be more effective.
An unanticipated limitation of our study was the high withdrawal rate. This does not appear related to the treatment; rather, it reflects the difficulty of maintaining continued study participation of a cohort of patients with this debilitating disease. The main stated reasons for withdrawal included lack of perceived benefit and travel distance. We compared the demographics of placebo and CoQ10 groups among those who completed the group and saw statistically significant differences in sex only, as with the whole cohort. We also compared demographic and clinical data between those participants who withdrew early and those who completed the trial, and saw that those who withdrew showed a greater rate of decline in total PSPRS, suggesting that those who progressed faster were more likely to withdraw early. To account for the dropout rate, we reanalyzed all patients regardless of withdrawal using pattern mixture model analysis. By this analysis, there was no significant difference in total PSPRS or UPDRS between groups.
Comparing the CoQ10 group that completed the study to the CoQ10 group that withdrew early, we saw a difference in the progression rate as assessed by change in total PSPRS score at 3 months. The average total PSPRS score declined more rapidly among those in the treatment group who withdrew before 12 months. This raises the concern that the treatment effect we saw among those who completed the trial is skewed by the fact that the patients who withdrew are progressing more quickly. Alternatively, there may be a subgroup among the CoQ10-treated patients that particularly respond to CoQ10, and, as a result, were more likely to continue the study. One possibility is that different clinical subtypes of PSP may respond differentially to CoQ10. Thus, it remains possible that there is a subgroup of patients with PSP in which CoQ10 is a beneficial treatment.
The high withdrawal rate in this study over the 12-month study period reinforces the fact that clinical trials in PSP are difficult to perform. Because of the difficulty in making the diagnosis of PSP, especially by non-movement disorder specialists, patients are often advanced by the time they are diagnosed with PSP. Patients also are usually advanced in the disease process by the time they meet diagnostic criteria for probable PSP, 19 the criteria we used for inclusion in the study. As mobility of the participants becomes more restricted over time, the ability of patients to return for follow-up study visits declines. Indeed, we found that those participates who were declining more rapidly as measured by the change in PSPRS were more likely to drop out of the study. Because of this challenge of maintaining study participation of patients with PSP, the ideal of a longer period of observation beyond 1 year may not be feasible for a fair number of patients with PSP.
A smaller study evaluated CoQ10 treatment for 6 weeks in 21 patients. 17 A small but statistically significant improvement was observed in PSPRS and the Frontal Assessment Battery in CoQ10-treated participants. Similar to our study, no significant differences were observed in UPDRS, MMSE, and ADL scores. Trial differences include length of treatment and the CoQ10 dose and formulation. In the 21-patient Figure 2 Change in total PSPRS score from baseline to each study visit for all participants
The change in total PSPRS score is calculated as the change from baseline to each visit. The mean value and 95% confidence interval are plotted at each visit for all participants who completed that particular visit. CoQ10 5 coenzyme Q10; PSPRS 5 Progressive Supranuclear Palsy Rating Scale. Table 4 Comparison of baseline characteristics and outcomes between participants who completed the study and those who withdrew before the final visit 17 participants were followed for 6 weeks, while participants were followed for 1 year in our study. This raises the possibility that CoQ10 could have a transient but unsustained benefit. In our study, all participants were treated with 2,400 mg daily compared to a dose of 5 mg/kg body weight in the smaller study. Differences in CoQ10 formulations could also account for differences in studies. Average serum CoQ10 levels were higher for the above-mentioned 21-patient study compared to our study; thus, serum CoQ10 level differences could account for the different results between these studies.
CoQ10 at 2,400 mg daily is safe and well tolerated in patients with PSP. No statistically significant benefits were observed, although a nonsignificant, slower clinical decline in the CoQ10 group was seen in the PSPRS score among those who completed the study. These data suggest that any benefit of CoQ10 in PSP is modest at best, and that demonstrating this benefit would require a much larger trial with longer duration. Such a trial would also need to address the difficulties of maintaining continued trial participation over a long duration in this patient population.
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